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http://dx.doi.org/10.1016/j.bpj.2012.08.061Separation of membranes into micron-scale liquid phases of
distinct lipid composition is regularly observed in ternary
model membranes (both symmetric (1) and asymmetric
(2)), in giant plasma membrane vesicles (GPMVs) (3,4)
and in plasma membrane spheres (PMSs) (5), but not in
plasma membranes of resting cells at their growth tempera-
tures. Two of many reasons offered for this discrepancy
invoke membrane-cytoskeleton interactions within healthy
cells; cytoskeletal components may constrain the size of
composition fluctuations in membranes near miscibility
critical points (6), and may apply higher membrane tensions
than in GPMVs or PMSs (7). In this letter, we quantitatively
answer the simple question: how does membrane tension
influence the miscibility temperature of lipid bilayers?
We used micropipette aspiration (8) to apply two distinct
tensions (s1 and s2) to giant unilamellar vesicles (GUVs).
The difference in tension (Ds ¼ s2  s1) affected the
temperature at which coexisting liquid-ordered (Lo) and
liquid-disordered (Ld) phases appeared invesiclemembranes.
The resulting shift in miscibility transition temperature was
DTmix ¼ Tmix;2  Tmix;1. By conducting a differencemeasure-
ment, we could ignore the slight variability in both native s
and Tmix that occurred from vesicle to vesicle within each
batch (1). In our experimental setup (Fig. 1, A and B), the
change in tension,Ds, was created by avertical displacement,
Dh, of water, such that Ds ¼ ðDhrgRp=2Þð1 Rp=RvÞ1,
where r is the density of water, g is the gravitational acceler-
ation, Rp is the pipette radius, and Rv is the radius of the non-
aspirated, spherical part of the vesicle. Rv was the same at
tensions s1 and s2 provided Ds was not too large.
To measure DTmix versus Ds, the following protocol was
used (Fig. 1C). 1), Initial tension of s1>1mN/mwas applied
to a GUV. The membrane was then in the stretching regime
(9). 2), The sample was heated above the miscibility temper-
ature such that membrane domains disappeared. 3), Temper-
ature Tmix;1, at which domains reappeared upon slow sample
cooling, was recorded. 4), Tension was adjusted to a new
value, s2. 5), Steps 2 and 3 were repeated to measure Tmix;2.We set our protocol within step 3 to lower temperature in
0.1 K decrements and to equilibrate vesicles for 3 min at
each iteration. This method avoided systematic errors in
measurements of Tmix by ensuring that domains, which
coarsen as a power of time, reached observable sizes.
Briefly, general methods were as follows. The vesicle
composition was chosen to be a 1:1:1 molar ratio of diphy-
tanoylphosphatidylcholine (DiPhyPC), dimyristoylphos-
phatidylcholine (DMPC), and cholesterol to minimize
photo-oxidation (since the acyl chains of both DiPhyPC and
DMPC are saturated) and to set Tmix near 30
+ C. Phospho-
lipids, including fluorescently labeled lipids (Avanti Polar
Lipids, Alabaster, AL), and cholesterol (Sigma, St. Louis,
MO) were used without further purification. Vesicles were
fluorescently labeled with either Rhodamine-dioleoylphos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rhodamine-DOPE) or Rhodamine-dimyristoylphosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine-
DMPE), which was added at 0.8 mol % to lipid mixtures.
Both dyes partitioned preferentially into the DiPhyPC-
enriched Ld phase, such that the cholesterol- and DMPC-
enriched Lo phase appeared as dark domains, as sketched in
Fig. 1 C. GUVs were prepared by electroformation (10) in a
200-mM sucrose solution and observed in 2 mL of a 210-mM
glucose solution such that slightly deflated liposomes
sedimented to the bottom of the chamber and micropipette
aspiration was simpler to perform. PIPES at a concentration
of 1 mM was used to adjust the pH of both solutions to 7.
Temperature control was achieved using a toroidal Peltier
device (Warner Instruments, Hamden, CT). A glass cover-
slip was affixed to the base, and the resulting chamber
(Fig. 1, A and B) was imaged on an inverted fluorescence
microscope (Nikon, Melville, NY). A 40 air objective
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FIGURE 1 (A andB) Schematic and photograph of the chamber
setup. Chamber internal height and diameter are 1 and 2 cm,
respectively. (C) Flow chart of method for measuring miscibility
temperature, Tmix, as a function of tension, s.
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FIGURE 3 Measured shift in miscibility temperature, DTmix, as
a function of difference in applied tension, Ds. Black and gray
symbols are obtained using Rhodamine-DMPE and Rhoda-
mine-DOPEfluorescent dyes, respectively (seemain text above).
Error bars denote measurement error and are obtained using
standard error propagation techniques. The bootstrap estimate
of the slope for black points only is 2.85 0.7 K/(mN/m).
L36 Biophysical Letters(Modulation Optics, Rochester, NY) was employed to avoid
thermal contact with the chamber. Temperature was moni-
tored by a thermistor 180+ opposite the GUV. Micropipette
aspiration pressure was adjusted via home-built hydraulics.
Glass capillaries were pulled with a P-97 micropipette puller
(Sutter Instrument, Novato, CA) and bent with a microforge
(Narishige, Tokyo, Japan).
Fig. 2 and Movie S1 in the Supporting Material show data
from a single typical experiment in which decreasing
tension (Dsz 0:05 mN/m) increases miscibility temper-
ature by DTmix ¼ 0:3 K. At both high and low tension,
GUV lipids mixed uniformly at high temperature (right
column) and phase-separated at low temperature (left
column). At an intermediate temperature (middle column)
the vesicle was uniform under high tension and phase-sepa-
rated under low tension. Eight experiments of this type
(Fig. 3) confirmed that increasing membrane tension
decreases miscibility temperature. In total, six differentT = 29.6˚C T = 29.8˚C T = 30.1˚C
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FIGURE 2 Fluorescencemicrographs from a single experiment
that corresponds to the leftmost data point in Fig. 3 (DTmix ¼ 0.3
K for Dsz 0.05 mN/m). Images are averages of 60 consecutive
snapshots with no contrast enhancement. (Insets) Sketches
showing domains on the front hemisphere of the GUV are pro-
vided for clarity.
Biophysical Journal 103(8) L35–L37vesicle preparations were analyzed. In Fig. 3, the two gray
points and the two black points with the largest values of
Ds were from vesicles used in two experiments each.
Uncertainties in DTmix in Fig. 3 correspond to the thermal
resolution of our Peltier device. Uncertainties in Ds resulted
from uncertainty in height displacement,Dh (1:4 104 m),
and in micropipette and vesicle radii, Rp and Rv (1 pixel, i.e.,
5  107 m). The point at Ds ¼ 0 in Fig. 3 represents a
control measurement. Since no change in miscibility temper-
ature was measured within experimental uncertainty at this
point, we conclude that photoinduced domain formation
does not significantly affect our results. This conclusion is
supported by the two gray data points in Fig. 3, which
represent a worst-case scenario for photo effects, since an
unsaturated dye (Rhodamine-DOPE) was used. The gray
Rhodamine-DOPEdata points yield the same order ofmagni-
tude for DTmix as the black Rhodamine-DMPE data points.
The simplest way to quantify the influence of Ds on
DTmix is to fit a straight line to the black data points in
Fig. 3. Using the parametric bootstrap method (11), we ob-
tained a slope of 2:850:7 K/(mN/m). This value should
be understood as an order of magnitude and not as a precise
value, since the number of data points is low and since there
is a priori no linear relationship between Ds and DTmix. This
order of magnitude we found validates that of1 K/(mN/m)
predicted by Uline et al. for a system of slightly different
composition, using a molecular mean field model for the
membrane free energy (7). A negative slope has also been
predicted by Komura et al., albeit for a different geometry
(12). If cell membranes have a cytoskeleton-induced tension
of only  102 to 101 mN/m (13–15), then membrane
tension relaxation is not sufficient to explain why large-
scale liquid/liquid phase coexistence is observed in systems
in which plasma membranes have been detached from the
cytoskeletal network (e.g., GPMVs (3,4) and PMSs (5)),
but is not observed in plasma membranes of resting cells.
We can understand that Tmix must decrease when s
increases by reviewing the Clausius-Clapeyron equation.
Biophysical Letters L37For 3D systems, vT=vP ¼ DV=DS, where P is pressure, V
ismolar volume, and S ismolar entropy. In 2Dmembranes, in
which tension should increase molar area, A, vTmix=vs ¼
DA=DS¼ðALd  ALoÞ=ðSLd  SLoÞ. Since the disordered
phase has higher molar area and entropy than the ordered
phase, vTmix=vs is necessarily negative.
Our central result, that a 0.1 mN/m increase in membrane
tension decreases membrane miscibility transition tempera-
tures by a few tenths of a K, contradicts previous experi-
mental reports suggesting that tension increases Tmix
(16,17). We have no insight into the discrepancy beyond
the knowledge that the studies used osmotic stress, which
changes pressure as well as tension and which typically
(but not necessarily) controls membrane tension less accu-
rately than micropipette aspiration. Reported tensions in
Hamada et al. (17) are two orders of magnitude higher
than the typical lysis tensions of bilayers with similar lipid
composition (18).
To complete the description of our approach, here we
discuss some of the challenges inherent in our micropipette
experiments. First, micropipette tips were not usually
perfectly parallel to the focal plane. This did not affect
tension measurements but may have skewed the apparent
length of the aspirated part of the GUV, since microscope
focus was continually adjusted to optimize imaging of
membrane domains. For example, in Fig. 2, the vesicle
under low tension artifactually appears to protrude farther
into the pipette than the vesicle under high tension. Second,
vesicles under tension frequently burst when they came into
contact with lipid aggregates that moved with the convective
flow of the solution in the chamber. Third, measurements
were aborted whenever a GUV’s overall membrane compo-
sition or radius changed, which occurred when a GUV fused
with surrounding vesicles, or when the aspirated part of the
GUV budded, which happened frequently below Tmix.
Fourth, since the chamber was open, osmolarity was
checked before and after experiments to confirm that it
did not change significantly. Here we used a vapor-pressure
osmometer (Wescor, Logan, UT). Fifth, photoeffects were
minimized (19). Here we allowed light exposure for only
a few seconds after each temperature decrement to deter-
mine whether the GUV had phase-separated. Light intensity
was minimized through use of neutral density filters. Last,
after GUVs and pipettes were introduced into the chamber,
a single successful data point took 1–2 h to collect.
In summary, the answer to the question we posed in the
introduction is that an increase of membrane tension of
0.1 mN/m induces a decrease in miscibility temperature of
the order of a few tenths of a K over the range from 0.1
to 0.3 mN/m.SUPPORTING MATERIAL
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